Biological uranium reduction was investigated using bacteria isolated from a uranium mine in Limpopo, South Africa. Background uranium concentration in soil from the mine was determined to be 168 mg kg -1 much higher than the typical background uranium concentration in natural soils (0.30-11.7 mg kg -1 ). Therefore it was expected that the bacteria isolated from the site were resistant to U(VI) toxicity.
INTRODUCTION
Uranium contamination of the environment from the mining and milling operations and nuclear waste disposal is a well-known global problem. Natural attenuation processes such as bacterial reductive/precipitation and immobilization of soluble uranium is gaining much interest (Dodge and Francis, 2008) . For example, dissimilatory metal-reducing microorganisms have been investigated for their capability to selectively remove uranium from aqueous solutions (Lovley et al., 1992; Renshaw et al., 2005) . These bacteria can use U(VI) as an electron acceptor thereby reducing soluble U(VI) to the precipitable tetravalent state [U(IV)] (Lovley et al., 1992; Lloyd and Renshaw, 2005; .
Biological remediation processes offer a potentially environmental friendly and cost effective alternative for removing metal/radionuclide pollutants from dilute solutions where physico-chemical methods may not be feasible (Lovley et al., 1992) .
Biological methods are also considered flexible as they may be implemented either in situ or ex situ during the cleanup of contaminated sites. Such biological methods commonly use microbial consortia, consisting of several species of microorganisms in the form of bioflocs for removing/degrading the pollutants Nancharaiah et al., 2006) . So far, there are four suggested mechanisms by which bacteria may immobilize the uranyl ion, namely; (a) biosorption, (b) bioaccumulation, (c) precipitation by reaction with inorganic ligands such as phosphate and (d) microbial reduction of soluble metal species to insoluble species (Nancharaiah et al., 2006) . The fourth process has been observed in Fe(III)-reducing and sulphate-reducing bacteria (Khijniak et al., 2005) . Mesophilic representatives of the genera Geobacter, Shewanella, and Desulfotomaculum are also known to couple U(VI) reduction to growth, whereas U(VI) reduction in Desulfovibrio sp. has been shown to be mainly cometabolic with no energy derived from the reduction process (Khijniak et al., 2005) .
A fundamental understanding of mechanisms of microbial transformations of uranium under a variety of environmental conditions will be valuable in developing appropriate remediation and waste management strategies as well as predicting the microbial impacts on the long-term stewardship of contaminated sites. The aim of this study is to utilise indigenous cultures of bacteria from the local environment to biologically reduce U(VI) to U(IV) and the objective was to investigate the ability of the three pure cultures; Pseudomonas sp., Enterobacter sp. and Pantoea sp. as well as mixed culture to reduce U(VI) at high concentrations.
MATERIALS AND METHODS

Isolation and Maintenance of Indigenous Bacteria
A mixed culture of bacteria was obtained by inoculating 200 mL of sterile basal mineral medium (BMM) amended with glucose as a sole supplied carbon source with 1 g of soil collected from an abandoned uranium mine (Phalaborwa, Limpopo).
The BMM was prepared according to Roslev et al. (1998) . Bacteria were maintained by monthly sub-culturing using nutrient agar and stored at 4 °C.
Purification of Indigenous Bacteria
In preparation for the 16S rRNA sequence identification, the bacterial cultures were purified by performing serial dilution to obtain individual colonies. The diluted culture samples from the 7 th to 10 th tube were then plated out onto nutrient agar plates and incubated for 24 h at 30 °C. Six different morphologies were identified from the cultures, of which four were facultative anaerobes and two were aerobes. These were then individually streaked on nutrient agar plates followed by incubation at 30 °C for another 24 h. This process was repeated twice in order to obtain the desired pure cultures.
Culture Characterisation using 16S rRNA Gene
A 16S rDNA fingerprinting method was used to obtain DNA sequences of pure isolated cultures. Genomic DNA was extracted from the pure cultures using a 
U(VI) Reduction experiments
Bacteria grown overnight in nutrient broth was harvested by centrifugation at 6000 rpm for 10 min. The pellet was washed 3 times with 0.85% NaCl solution and was re-suspended in 100 mL solution in 250 mL Erlenmeyer flasks for aerobic batch experiments or in 100 mL serum bottles for the anaerobic experiments. The average biomass concentration of 9.3 mg mL -1 was determined initially. A preliminary experiment using consortium cultures from soil showed U(IV) oxidation activities in some of the species (data not shown) thus experiments were conducted with purified cultures to isolate U(VI) reducing species. Initial (added) U(VI) concentrations ranging from 30 to 400 mg L -1 were tested with pure cultures of bacteria. The experiments were conducted at 30 °C for a predetermined time interval (24-48 h) at 120 rpm on the orbital shaker (Labotec, Gauteng, South Africa). These were then purged with nitrogen for 5 min each. After reduction, the solution was centrifuged at 10000 rpm for 10 min. A syringe was used to draw samples at intervals up to 48 h, followed by a uranium analysis in solution.
Analytical methods
A UV/vis spectrophotometer (WPA Lightwave II, Biochrom, Cambridge, England) was used to measure uranium in all samples. This instrument measures the level of hexavalent uranium (oxidized state of uranium -U(VI)) in the sample. The absorbance of each sample was measured using light with a wavelength of 651 nm.
Arsenazo III (Sigma-Aldrich, St. Louis, MO) (1,8-dihydroxynaphthalene-3,6-disulphonic acid-2,7-bis[(azo-2)-phenylarsonic acid]), a non-specific chromogenic reagent, was selected as the complexing agent for facilitating uranium(VI) detection.
The accuracy and precision of the method was determined by measuring the concentration of standard uranium solutions in the range of 0.02 to 1 mg L -1 after appropriate dilution. The results showed that recovery of uranium was quantitative with good precision (92-100%). The percentage deviation was found to be at a maximum (0.4%) at dilution 0.5 mg L -1 whereas, the deviation decreased to zero when the concentration was decreased to 0.02 mg L -1 . This method proved to be reliable and accurate and is useful in routine analysis of uranium at mg L -1 level in other solutions and materials. From literature, it was observed that anionic concentrations greater than 70-fold and cationic concentrations greater than 50-fold excess over the uranium concentration decreased the normal absorbance of the uranium-arsenazo-III complex (Khan et al., 2006) . The limit of detection for the UV/vis spectrophotometer was determined to be 0.02 mg L -1 . The oxidized fraction of uranium was measured from a sample (0.5 mL) of the homogenous solution collected using a syringe and then centrifuged using a Minispin ® Microcentrifuge (Eppendorf, Hamburg, Germany). The 0.5 mL sample was then diluted with 4.5 mL of BMM
(1:10 dilution), mixed with 2 mL of complexing reagent and analyzed for U(VI)
immediately at a wavelength of 651 nm against a reagent blank. Total uranium level in each sample (U(IV) and U(VI)) was determined by oxidizing an unfiltered sample with nitric acid prior to uranium measurement. This treatment converted U(IV) in the sample to U(VI) which was then measured colorimetrically as described above.
RESULTS AND DISCUSSION
Microbial Analysis
After purifying and sequencing the rRNA genes from the mine soil bacteria, a total of six bacterial species were identified. The rRNA sequences were isolated from bacteria with some resistance to U(VI) toxicity and were thus candidate species for U(VI) reduction. The results of the culture characterisation are shown in Table 1 . (Tebo et al., 2000) .
Bacillus species, an aerobic species is known to be resistant to U(VI) toxicity and removes soluble U(VI) by precipitation (Lovley et al., 2004) . Other species observed are known to oxidise U(IV) to U(VI) and were not used for further
experiments. An example is the anaerobic enzymatic U(IV) oxidation by Klebsiella sp. under near-neutral pH conditions. Specifically, U(IV) oxidising activity has been reported in pure cultures of nitrate grown -but not Fe(III)-grown -cells of Klebsiella sp. (Merroun and Selenska-Pobell, 2008 ).
So far, U(VI) reduction was observed only in anaerobic cultures as previously observed in studies conducted by Lovley and Phillips, 1992; N'Guessan et al., 2008 .
U(VI) reduction under varying initial concentrations
Initial U(VI) concentrations were varied in batch studies under anaerobic conditions. Pseudomonas stutzeri, a denitrifying bacteria, showed a gradual increase in the rate of uranim-6 removal at 50% of added U(VI) as the concentrations increased. In all the cultures tested, the maximum U(VI) activity occurred within the first 5 h of incubation (Figs. 1a-c) . Very fast rates of U(VI) removal were observed, much faster than those normally encountered in literature where 1 mM of U(VI) was removed only after 4 h when Desulfovibrio desulfuricans was suspended in bicarbonate buffer with lactate as the electron donor (Lovley and Phillips, 1992) . and Enterobacter sp. batches after the first hour. This was attributed to incomplete purification of the cultures resulting in the re-growth of uranium oxidising bacterial species. Similar patterns were observed in the other experiments at higher U(VI) concentration (Figs. 1c and Fig. 2 ). An average of 88% removal was observed by the different species at the high initial concentration of 400 mg L -1 (Fig. 2) . and 100 mg L -1 ) and had a low percentage recovery of total uranium. However, this species also proved to be the most efficient reducer at the highest concentrations (200 and 400 mg L -1 ) and a high percentage recovery of total uranium was observed at these concentrations at 50% of added U(VI).
Overall, the best performance was observed in Enterobacter cloacae under all tested initial U(VI) concentrations when uranium removal was measured at the end of 24 h. The cultures generally showed high resilience towards U(VI) toxicity and good performance even under high stress conditions.
CONCLUSIONS
The three pure cultures namely; Pantoea sp., Enterobacter sp. and conditions. The lower recovered total uranium concentrations in some of the batches suggest the existence of additional mechanisms apart from the reduction-precipitation process by which the bacterial species removed uranium-6. The study highlights the importance of the detailed microbial analysis to optimise the performance of the culture by eliminating the U(IV) oxidising organisms from the consortium.
